Abstract. In electron-gas secondary neutral mass spectrometry (SNMS), a low-pressure plasma serves both as an ion source for sputter depth profiling the target and for post-ionizing the sputtered neutrals. In its high-frequency mode, a rectangular RF bias is applied to the target. We investigate by PIC/MC kinetic simulation the processes occurring in the vicinity of the substrate as a consequence of the voltage jumps: sheath expansion and contraction, as well as flux and energy of the ions impinging onto the substrate. In particular, we determine the enhancement of the ion current shortly after negatively charging the substrate; this enhancement is due to the acceleration of the large ion population in the expanding sheath. Our results indicate that already at a switch frequency of only 1 MHz the surface treatment by rectangularly shaped RF potentials is dominated by transient effects.
Introduction
Plasmas are routinely used for materials processing and surface analysis. A substrate is immersed in a plasma; by applying a negative voltage, positive ions are accelerated from the plasma towards the substrate and there induce the required surface processes, such as etching or surface modification. Special care is needed for the treatment of insulating substrates. In order to control their charging up, an alternating voltage is applied such that in the anodic phase a sufficiently high electron current can leak to the substrate and neutralize the positive charge built up by the ions impinging during the cathodic phase.
A particular application of this method was made in a recent development of secondary neutral mass spectrometry (SNMS), a surface analytical method which utilizes the mass spectrometric analysis of neutral particles released from the investigated surface by ion sputtering [1, 2] . In electron-gas SNMS, the sample under investigation is introduced into a special low-pressure rare gas plasma, the ion component of which is used to initiate the surface sputtering, and the electron component of which serves as a medium to post-ionize the sputtered neutral particles; hence the name electron-gas SNMS. In the so-called highfrequency mode of this technique, a rectangular RF bias is applied to the sample in order to permit the analysis of electrically insulating materials [2] . The resulting time dependence of the potential at the sample surface is drawn schematically in figure 1. At the beginning of the negative half wave, the potential suddenly drops by a value given by the amplitude of the applied rectangular voltage. During the negative half wave, the surface potential then increases linearly due to positive charge accumulation from the impinging plasma ions, the slope depending on the magnitude of the ion saturation current delivered by the plasma and by the sample capacity. At the beginning of the positive half wave, the potential is suddenly raised again by a value given by the applied RF amplitude. Depending on the amount of charging during the negative half wave, the resulting surface potential will then be above the floating potential f l , and a large electron current will therefore flow onto the substrate. After a short time, the previously accumulated positive charge is compensated and the surface returns to the floating potential, where the current densities of electrons and ions are equal and, hence, no net charge is imparted to the surface during the remainder of the positive half wave.
With respect to the quantification of the acquired data, it is important to obtain detailed information about the temporal variation of the bombarding ion energy and current density during a RF cycle. A critical point in that respect is the exact temporal variation of these quantities at or shortly after the sudden potential changes depicted in figure 1 . Here, the response of the plasma to such potential changes and its effects on the trajectories of extracted ions are exceedingly important. This has motivated the present study, the purpose of which is to determine the time scale as well as the magnitude of these effects. Since our primary interest is to study the plasma response, we restrict our treatment to the time interval shortly after the sudden potential variations in order to keep the simulation simple. In particular, we chose to neglect the relatively simple linear charging effect during the positive half wave, since it is (i) of minor importance as long as the RF frequency is high enough and (ii) strongly dependent on the capacity and, hence, the three-dimensional geometry and the dielectric constant of the sample; a more quantitative analysis is given in section 6.
The sudden potential jumps at the substrate lead to quite complex processes in the plasma; in particular the space charge sheath surrounding the substrate will expand or contract. Due to the different ion and electron mobilities, the sheath dynamics will be initiated by electron motion. As a consequence, upon negatively charging the substrate, a large number of positive ions will find themselves suddenly in the extended region above the surface which will eventually (under steady state conditions) become the new sheath. In a relatively short time, these surplus ions must be swept out of the sheath region by acceleration towards the surface; this results in a temporary enhancement of the ion current towards the substrate, and hence in an improved efficiency of whichever surface process is induced by the impinging ions. We note that similar problems, albeit usually with higher applied voltages, occur in the field of plasma immersion ion implantation [3] .
In the present investigation, we wish to study the sheath dynamics and the resulting changes of the ion flux bombarding the substrate for a concrete example, where the substrate voltage is suddenly changed between −40 V and −1000 V. The former value is appropriate for the floating potential in an inductively heated plasma, while the latter value is typical for applications. We use as a kinetic simulation scheme the particle-in-cell/Monte Carlo (PIC/MC) method which is well suited for such an analysis. It is a dynamic scheme, allowing us to follow the time evolution of the processes. Furthermore, it is well suited to determine the highly non-equilibrium processes occurring in low-pressure plasmas and in particular in the sheath region of a plasma. It is self-consistent in the sense that ion and electron densities and velocities are calculated together with the electric field that they generate.
Model
We model a plasma slab of width d = 1.6 cm using a planar geometry bounded on one side by the substrate surface, and on the other by a (fictitious) boundary to the plasma bulk.
The PIC/MC algorithm used to simulate the system is described in detail in [4, 5] . It roughly works as follows. We use a number of N ≈ 10 000 pseudo-electrons and pseudo-ions to simulate the behaviour of the system. Each of these pseudo-particles represents 5 × 10 6 real particles. The electric field generated by these particles is calculated via Poisson's equation on an equidistant grid of cell width x = 1.23 × 10 −4 m. The particles move under the action of their self-consistent electric field. They may collide with neutral gas atoms, which we assume to be Ar at a pressure of p = 0.8 mTorr. We take into account elastic electronAr collisions [6] , as well as elastic and charge exchange ion-neutral collisions [7] . Other collision processes are disregarded in the present study, since their cross sections are smaller, and in particular since they will not alter the processes in the sheath which are exclusively studied here. The simulation scheme is advanced with a time step of t = 5 × 10 −11 s. The boundary conditions are presented in detail as follows.
Substrate
On the substrate side, the boundary conditions require that no electrons or ions can leave the substrate; all impinging particles are assumed to be re-neutralized there, while electron reflection and secondary electron emission are neglected. We note that while in reality secondary electron emission may occur and contribute to plasma heating, its influence on the plasma sheath studied in the present paper is small, owing to the low gas pressure. Most importantly, we fix the potential of the substrate versus that of the plasma-i.e. that of the plasma-side boundary-to a predetermined value, 0 . Note that the floating potential in an Ar plasma of electron temperature kT e = 8 eV is [3] Note that these boundary conditions do not really describe the dielectric nature of the substrate [8] . However, in many applications, the charging of the substrate during the cathodic phase of the RF pulse can be neglected, at least on the <1 µs time scale of interest here (see section 6).
Plasma boundary (ions)
The ions are assumed to enter the simulation volume through the plasma boundary with a temperature T i = 300 K and a directed velocity u i . We assume u i to have a value below the Bohm velocity u B = √ kT e /m i = 4400 m s −1 , which is only attained at the very sheath edge. u i must be chosen with care. Ideally, it should equal the ion drift velocity in a plasma presheath at distance d from the substrate. In our simulation, this ion drift velocity was found in the following way. When too small a value is selected (e.g. u i = 0.6u B ), a strong electric field develops close to the plasma boundary and accelerates the ions to a value of about 0.7u B , after which the amplitude of the field decreases. For too high a value (e.g. u i = 0.8u B ), a decelerating field develops close to the plasma boundary, which decreases the ion velocity to 0.7u B . For the value of u i = 0.7u B -which is the value we adopted for the simulation in section 3-the amplitude of the developing electric field increases monotonically towards the substrate, showing a realistic sheath structure (see section 3.1). Assuming quasi-neutrality of the plasma, n i = n e , the ion current density at the boundary is therefore j
Here e denotes the elementary charge.
Plasma boundary (electrons)
Towards the plasma side, we prescribe the electron density n e = 2 × 10 10 cm −3 and temperature kT e = 8 eV; these values are appropriate for high-frequency mode applications of the SNMS technique [2] . The electron saturation current density under steady state conditions is
en e 8kT e πm e (1) which is equal to 151 mA cm −2 in our simulation. During the sheath contraction and extension phases, the simulated plasma is far from equilibrium. As a consequence, we must add a correction current density j e to the steady state current density of equation (1),
to obtain the full electron injection current density j inject e at the plasma boundary. j e has a vanishing time average in the steady state.
We set the correction current density proportional to the thermal electron velocity and to the space charge at the plasma boundary, which we calculate via Poisson's equation from the difference of the potential in the last simulated cell and the prescribed plasma potential, 0 .
Sheath dynamics

Steady state sheath structure
We start the simulation with a homogeneous distribution of electrons and ions. As this distribution evolves in time according to the PIC/MC algorithm, a sheath starts to form and a steady state is reached. We display in figure 2 the characteristics of the steady state sheath, namely the spatial distribution of electrons and ions and the potential in the sheath for substrate potentials 0 of −40 V and −1000 V. Apart from statistical fluctuations, the electron and ion densities are equal beyond a distance of x = 0.6 cm from the substrate, as is clearly seen in the spatially constant potential profile beyond this distance.
The space dependence of the potential follows well that of a space charge dominated sheath as given by the Langmuir-Child law, with the obvious exception of the plasma-sheath edge region. According to the well known theory of a space charge dominated sheath [3] , the sheath thickness is
which amounts to 0.4 mm and 4.4 mm for the low and high substrate potential respectively. Here j i is the ion current density in the sheath, which in the stationary case is equal to j inject i , and 0 is the vacuum permittivity. Figure 3 shows the expansion of the sheath by monitoring the spatial distribution of the ion and electron densities at various times after the voltage drop at t = 0. Note that our aim is to study the transient effects occurring until the plasma sheath has changed into its new steady state; hence our simulation corresponds to quite low-frequency changes, below 100 kHz, say. It is observed in figure 3 that sheath expansion is initiated by a swift recession of the electrons from the substrate, followed by a slower depletion of the resulting space charge region by an acceleration of the ions towards the substrate. In this way, eventually the sheath becomes depopulated and the equilibrium space charge distribution of figure 2(b) is built up. The time scale for the establishment of the Child law sheath has been estimated in [3] to be given by
Sheath expansion
which amounts to 0.33 µs when taking the ion plasma frequency ω p,i = 3 × 10 7 s −1 into account. Figure 4 displays the spatial dependence of the electron and ion densities, as the sheath proceeds towards the substrate. The time scale of this process is evidently longer than that of the sheath expansion. The time scale of the density increase is 1.6 µs, which has to be compared with the value of 0.33 µs for the density decrease during sheath expansion, section 3.2. This finding is plausible for the following reason: upon switching the substrate potential from −1000 V to −40 V, the electrons are swiftly moved from the bulk into the contracting sheath and the former positive ion sheath now becomes a quasi-neutral plasma. The time scale for establishing equilibrium conditions can be roughly approximated by the time an ion needs to pass through this region (0.4 cm) with its original drift velocity in front of the sheath. It should be noted that the time scale for sheath contraction may thus depend on the starting energy of the ions at the plasma boundary (2 eV in our simulation)-in contrast to that of the sheath expansion. Note also that at the beginning of the contraction process there is a small deviation between the ion and electron density. In contrast to the sheath expansion, this deviation increases when the −40 V Child law sheath evolves. The factor between the deviation at the beginning of the process and that at its end is around three.
Sheath contraction
Ion distribution at the substrate
Of particular interest are the changes in the distribution of ions impinging onto the substrate. We first discuss the processes occurring when negatively biasing the substrate, i.e. on sheath expansion. Figure 5 (a) shows that the particle current density is strongly increased by a factor of around four in the first 0.1 µs after the potential drop and then decays with a time scale of about 0.2 µs towards its steady state value. The strong increase is due to the fact that a large number of ions-all those which are within approximately 0.5 cm of the substrate-is suddenly accelerated towards the strongly biased substrate. When the sheath has been built up, and the ion density in it has been accordingly reduced, the ion current density has attained the same value as for the case of the −40 V substrate, since this value must be identical to the ion current density at the plasma boundary, dictated by the plasma density and temperature. These two regimes with different particle current densities have also been described [3] in a collisionless model of plasma immersion ion implantation as matrix sheath implantation and Child law sheath implantation. Following Lieberman and Lichtenberg [3] , the duration of the first regime can be estimated to be of the order of t = 3/ω p,i which amounts to 0.1 µs. Therefore our results are in good agreement with the model of Lieberman and Lichtenberg. Figure 5 (b) shows that the energy E i with which the ions impinge on the substrate attains its full value of 1000 eV after a short time, which is approximately equal to the time of ion matrix sheath implantation. As a combination, figure 5(c) displays the energy current density Q i = E i j i which the ions dump into the substrate. It more or less follows the ion number density, displaying, however, a slightly larger decay time. This quantity is of particular interest, since it can be related to the sputter effect of the plasma ions at the substrate surface. The implication of this will be discussed below.
In figure 6 we show the properties of the ions impinging onto the substrate during sheath contraction. The ion current density is reduced during the first several hundred nanoseconds after the potential jump due to the ion density deficit in the former sheath region. Only after the formerly depleted space charge region in front of the substrate has been neutralized and filled with ions does the particle current density attain its equilibrium value. However, those ions which impinge on the substrate shortly after the potential jump still carry a high kinetic energy, since they have been accelerated in the previous high-voltage phase. As a consequence, the energy current density during the first 100 ns after the potential jump is up to a factor of ten higher than the equilibrium energy current density in the lowvoltage phase. Note, nevertheless, that the absolute values attained are considerably smaller than those in the high- voltage phase, figure 5(c) . Still, sputtering of the substrate can proceed during this initial phase after the voltage jump, while generally during the low voltage phase sputtering is almost entirely suppressed.
Transient effects in substrate sputtering
In view of the original motivation of this study, we wish to discuss the implications of these results with respect to the sputtering process at the substrate in more detail. We define as the sputter rate the quantity S(t) = Y (t)j i (t) , where Y denotes the sputtering yield, i.e. the average number of surface particles released per primary ion, and j i is the ion current density. It is known that the value of Y depends on the kinetic energy of the impinging ions [9] . Therefore a time dependence of Y is induced by the time dependence of the average ion energy E i . If, as a first approximation, we assume a simple linear relation between Y and E i , we obtain S(t) ∝ E i (t)j i (t) = Q i (t). We may therefore use the data depicted in figures 5(c) and 6(c) to estimate the role of transients in RF sputtering with rectangular pulse shapes. If, for instance, a rectangularly shaped RF voltage of a certain frequency (say 100 kHz) is applied to the sample, we find that 26% of the surface particles released in the course of a complete RF cycle are sputtered during the transients (t = 0 . . . 1 µs) induced by switching the sample potential. This fraction obviously increases as the RF frequency is increased. At a frequency of 1 MHz, neither during the positive nor during the negative half cycle are steady state conditions achieved at all, and sputtering is therefore completely dominated by the transient effects studied here.
The distribution of bombarding energies within a complete RF cycle can be evaluated by
where t is the time interval during which the average ion energy falls within a certain interval E around E. The resulting distribution, again evaluated for a RF frequency of 100 kHz, is shown in figure 7 . It shows two distinct peaks which are due to the time periods before and after the voltage jumps. The transient effects mentioned above result in a broadening of the high-energy peak. It is seen, however, that more than 90% of the total number of impinging ions (with E i > 100 eV) possess energies within 10% of the nominal energy of 1000 eV. This finding has some bearing on the use of RF sputtering methods for SNMS depth profiling, where an (ideally) monoenergetic ion beam of appropriate energy (matched to the ion extraction geometry) is needed in order to achieve optimum depth resolution [10] . It should be noted again that the results presented in figure 7 neglect substrate charging during the cathodic half cycle. For dielectric samples, the ion energy distribution will be slightly modified, see discussion in section 6. We note furthermore that in general fast neutrals created in charge exchange collisions may contribute to sputtering. In the present example, due to the low pressure, the mean free path of ions for charge exchange is of the order of 20 cm, and hence the production of neutrals plays only a minor role in sputtering.
Conclusions
We have studied sheath expansion and contraction due to sudden potential changes of a substrate immersed in a plasma. To this end we used a kinetic simulation scheme. Its validity depends to a large extent on the boundary conditions which we assume towards the bulk plasma, the simulation of which we want to avoid. These Figure 7 . Distribution of the energies with which ions impinge onto the substrate surface, evaluated for a RF frequency of 100 kHz.
boundary conditions are based on the prescription of the electron density and temperature, the resulting electron current density, the ion velocity, and on the bulk plasma quasi-neutrality. The steady state sheath structure in our simulation results makes us confident that our simulation model works realistically. The boundary conditions used at the substrate side do not really describe its dielectric nature. However, it can be shown that this has only negligible consequences: when 0 is suddenly changed from the floating potential to more negative values (as is the case at the beginning of the negative half cycle of a rectangular RF voltage applied to a SNMS sample), the potential of the substrate surface will vary as a function of time due to substrate charging. The magnitude of this effect depends on the capacity of the substrate and, hence, on the sample material itself via its dielectric constant . Using the steady state ion current density j inject i , one can estimate the time-dependent potential built up at the surface as
With a typical substrate thickness of d = 1 mm and the value of j inject i = 1 mA cm −2 given in section 2, this yields
In the worst case, = 1, and charging therefore results in a complete decay of the rectangular RF amplitude of 0 = −1000 V considered in this paper within 1 µs. From the results presented in section 4, however, we see that the dynamics following a sudden drop of the surface potential occur on a considerably shorter time scale of less than 100 ns. The maximum charge built up during this time amounts to a potential change of less than approximately 100 V. In addition, most samples of interest exhibit dielectric constants much larger than unity, thus reducing the maximum value of . We therefore conclude that the charging effect is negligible on the time scale of interest here, and may assume the substrate potential to be constant in time during one RF half cycle.
Calculations of the sheath dynamics under sudden charging of a plasma immersed substrate have been performed in the recent literature under the heading of plasma immersion ion implantation [3, [11] [12] [13] [14] [15] [16] [17] . In these applications, the potential jump is usually considerably higher than in our case, in order to accelerate plasma ions to energies sufficient for implantation into the substrate. The basic physics, however, is similar. A special feature of our approach, which to our knowledge has not been obtained before, is our ability to study both sheath contraction and expansion and hence to assess the asymmetry between these two processes. This has been possible by our approach of studying only the near-sheath regions of the plasma, in contrast to previous simulations [11] . For the case of sheath expansion, our results are in good qualitative and quantitative agreement with the above mentioned models of plasma immersion ion implantation; simulations of sheath contraction have not been performed previously.
Of particular technological importance is the question of how the ion current density on the substrate changes during and after the voltage jumps. Here we found effects both upon increasing and decreasing the substrate voltage in the first several 100 ns. When the substrate is charged suddenly more negatively, the ion current density is temporarily strongly increased. On the other hand, when the substrate is suddenly charged more positively, the ion energy upon impingement on the substrate is still quite large, while the ion current density itself is not correspondingly reduced. As a consequence, the energy density which the ions deposit on the substrate is enhanced in comparison to the steady state values both after increasing or decreasing suddenly the substrate voltage. The resulting transient effects on the substrate have been studied. The total sputter rate was found to show definite transient effects. For a switch frequency between high and low substrate voltages of 1 MHz, our data reveal that the transient effects may be dominant.
